We propose arrays of all-passive remote sensors with freedom from both source phase-induced intensity noise and cross talk between sensors. These arrays employ high-duty-cycle time-domain addressing, utilize laser diodes, and have downlead insensitivity. A synthetic heterodyne demodulation technique is used to prevent environmentally induced signal fading. An experimental all-fiber implementation of a single remote sensor yielded a measured sensitivity of below 40 ,rad/VH-z at signal frequencies above 600 Hz.
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Fiber-optic sensors have been developed for use in a broad range of applications. 1 One area of interest is the use of interferometric sensors at locations distant from the signal-processing site. For certain applications it is advantageous to arrange the remote sensors into an array. There have been a number of approaches to the multiplexing of such arrays, 2 4 but all have been limited in sensitivity by the effects of laser phase-induced intensity noise. 5 In this Letter we describe proposed arrays of multiple remote sensors with all-passive elements, with freedom from signal fading, and with high sensitivity. The arrays feature high-duty-cycle time-domain addressing, minimal requirements on the source coherence length, freedom from both source phase-induced intensity noise and cross talk between sensors, and downlead insensitivity. An experimental all-fiber implementation of the first sensor in such an array is described, and results are presented. Figure 1 shows two possible array configurations for time-division multiplexing. A series of pulses with repetition rate 1Ir is launched into the input bus of the fiber-optic sensor array. Each sensor consists of an unbalanced interferometer, which generates two pulses from a single input pulse. The time delay AT between the two pulses is greater than or equal to the width of the pulse. In the sensors, phase information is impressed differentially with respect to the two arms of the interferometer. The pulses from the two arms do not overlap and hence do not interfere. After traveling back through the output bus the pulses enter another interferometer, which has a path difference AT between the two arms to compensate for the initial path difference. Two pulses that have traveled paths that are equal in length but different (through a long arm in one interferometer and a short arm in the other) interfere and convey information about the differential phase modulation occurring along the two routes through the sensor and compensator. If desired, the compensating interferometer may be placed at the input of the system, and the interference will take place at the output of the sensors.
In the circuit of Fig. 1 (b) the sensing interferometers, which are identical to the compensating interferometer, are placed in the rungs of the ladder structure. The arrangement of Fig. 1(a) has the advantage that the input and/or output bus contains the sensor coils, so that no additional delay line is needed to separate the pulses from adjacent sensors and the required number of optical components is minimized. Also, every pulse from this array can provide information from a sensor, except the first and last pulses, so that the output duty cycle can be high. For each input pulse into an N-sensor array of this type there will be (N + 2) output pulses. By setting the repetition rate of the input pulses to r = (N + 1)AT, the output duty cycle is maximized at N/(N + 1). In contrast, only every second pulse from the circuit of Fig. 1(b) carries information from the sensors. The other pulses contain information presumably of no interest and may also contain phase-induced intensity noise, depending on the length of the delay lines. The maximum duty cycle of this array occurs when the repetition rate is -r = 2NAT, and the resulting output duty cycle is 0.5. For these optimized cases, there are pulses resulting from the overlap of the first and last pulses from different input pulses that will contain a large amount of phase-induced intensity noise. Alternatively, the generation of phase-induced intensity noise may be eliminated by setting r = (N + 2)AT and (2N + 1)AT for Figs. 1(a) and 1(b), respectively. In either case, the non-signal-bearing pulses are not routed to the signal-processing electronics. As a first step toward investigating the sensor array, we constructed a single pulsed remote sensor and compensator. Our experimental setup is illustrated in Fig. 2 . A continuous-wave 830-nm single-mode laser diode (Hitachi HLP 1400) was gated by an acoustooptic cell with 35-nsec rise time. The Bragg cell was used, instead of direct modulation of the input current to the laser, in order to avoid modulation of the laser spectrum. 6 The 100-nsec-wide pulses were routed through fiber-optic Mach-Zehnder interferometers, each with a path difference AT of about 230 nsec.
Matching of the path imbalance AT of the two interferometers is critical: to ensure that phase-induced intensity noise does not arise to a measurable level on the signal pulse it is necessary to match the sensor and compensator to within a small fraction of the coherence length of the laser. The accuracy with which fiber lengths can be matched constitutes a practical limit on the coherence length of the optical source that may be used in these arrays. Measurement of the path differences was accomplished by amplitude modulating a laser diode and determining the characteristic frequency of the filtering 7 of each interferometer individually. In order to equalize the path differences, a technique for taking small lengths of fiber from one arm of an interferometer was required. This was accomplished by using capillary tubes to hold the fibers for splicing 8 and by grinding down and resplicing the capillary tubes when length adjustment was required. The capillary tubes were polished at an angle to minimize reflections back into the laser, which would affect the laser spectrum. A Faraday isolator was placed between the laser and the Bragg cell to decrease reflections further.
The fiber system was constructed using tunable directional couplers 9 and Corning single-mode sensor (high-N.A.) fiber. Each interferometer contained a phase modulator, consisting of a fiber coiled around a piezoelectric cylinder, and a polarization controller.' 0 The phase modulator in the sensor was used to simulate an acoustic signal. The phase modulator in the matching interferometer was used to generate relatively high frequency modulation (30 kHz) for the synthetic-heterodyne demodulation technique" employed to avoid signal fading caused by phase drift.
Signal fading may be caused by polarization drift as well as by phase drift. For a system constructed of low-birefringence single-mode fiber, such as ours, manual adjustment of a single polarization controller is sufficient to overcome polarization-induced signal fading for one sensor. The use of the second polarization controller in Fig. 2 will be discussed later.
At the output of the system we placed a second Bragg cell that was pulsed synchronously with the first in order to extract only the signal pulse from the series of output pulses. The signal current from the detector was sent through a narrow-bandwidth (about 300-kHz) ac amplifier to an electronic switch, which was synchronized to the phase-modulation (30-kHz) signal." The amplitude (f the phase modulation for this synthetic heterodyne demodulation was adjusted to be about 2.8 rad. In this case, the phase of the secondharmonic (60-kHz) signal from the switch reflects the optical phase difference between the interfering optical waves. The magnitude of this signal is independent of the optical phase difference, leading to a constant sensitivity. When an acoustic signal at a certain frequency is present at the sensor location, upper and lower sidebands are produced around 60 kHz. The output of the electronic switch was sent directly into a spectrum analyzer, where the presence of the sidebands was detected.
The minimum detectable phase shift in the sensor was ascertained by measuring the signal-to-noise ratio (S/N) displayed on the spectrum analyzer for a small known phase-modulation amplitude from the sensor. To correct for errors in the spectrum analyzer's measurement of the noise level,' 2 2.5 dB was subtracted from the measured S/N.
The sensor sensitivity was measured with the repe- tition rate of the optical input pulses set at 1.46 MHz, in which case r = 3AT. No pulse was generated that contained phase-induced intensity noise. The results shown as filled circles in Fig. 3 were obtained. The repetition rate of the Bragg cell was increased to 2.18 MHz, where T = 2AT. At this repetition rate the nonsignal-bearing pulses overlapped and generated phase-induced intensity noise in the pulses that were discarded. The sensitivity of the system was again measured, and results are plotted as crosses in Fig. 3 .
In both sets of measurements, the sensitivity of the system was below 40 ,rad/ Hz over a broad range of frequencies. The fact that there was no significant difference in the sensitivity of the system in the two cases demonstrates that the signal pulse is well separated from the pulse that contains phase-induced intensity noise. The sensitivity at frequencies above 600 Hz was believed to be limited by the phase-measurement system, in particular by the spectrum analyzer. Below 600 Hz room noise contributed to the noise floor.
For a sensor array there is not currently a good 1 X N optical switch. It is therefore preferable to have an electronic switch that will serve the same function as the second Bragg cell in our system. We employed such an electronic switch, and our final measurement investigated the sensitivity of the electronically sampled sensor. The optical pulse train emitted from the second interferometer was detected, and the detector current was sent directly to a gate (dc coupled) to retain only the pulses containing the signal. The electrical signal from the gate was then routed through the ac amplifier and the same electronics as were previously used with optical gating. Sensitivity was measured as before; the minimum detectable phase shift is shown as triangles in Fig. 3 . There was no significant difference in the sensitivity resulting from the two types of gating.
The polarization controller in the sensing interferometer in Fig. 2 was used to investigate the effect of a leaky optical gate. The electrical pulse sent to the Bragg cell had a poor on/off ratio, resulting in a tail on the optical pulse. When the two pulses from the first interferometer were in the same polarization, interference between the second pulse and the tail of the first pulse generated phase-induced intensity noise in the second pulse. By using a polarization controller in the first interferometer, noise created by the interference between the pulse and the tail was eliminated. The sensor was assessed under both conditions, and it was found that at the current sensitivity, the poor optical gate has no measurable effect on the minimum detectable phase shift.
In conclusion, we have proposed arrays of all-passive remote sensors utilizing high-duty-cycle time-domain addressing that do not require highly coherent sources. The arrays are free from signal fading, source phase-induced intensity noise, cross talk between sensors, and downlead sensitivity. An all-fiberoptic remote sensor has been demonstrated that exhibits sensitivity of better than 40 ,urad/VHz at signal frequencies above 600 Hz. The measured sensitivity of our system was limited by the phase-measurement system and room noise, regardless of whether sampling of the output pulses was accomplished by using electronic or optical methods. For sensor arrays and when large bandwidth detectors are readily available, the electronic gating method is preferable. However, optical gating provides an alternative method that permits the use of slow detectors for a single sensor.
